Purpose -RFID has fundamental influences on today's retailing and supply chain management. This article seeks to formulate the opportunities and challenges of RFID adoption in China. Design/methodology/approach -Field interview and panel discussion were used to explore the opportunities and challenges of RFID adoption in China. An example of successful RFID deployment in China is presented. Findings -Although Chinese companies are exposed to several challenges in the adoption of RFID, there are numerous opportunities for RFID deployment. Challenges include China's standards, costs, business environment, business models, and untested market. The opportunities include China's huge market size, advances of several industries, a rapid increase in logistics demand, and China's role as a world-class manufacturing center. Originality/value -This article represents a pioneer study of RFID adoption in China. Opportunities and challenges of RFID adoption in China were identified, which provide valuable guidance for RFID adoption for Chinese companies and foreign companies operating in China.
Introduction
Radio frequency identification (RFID) technology was predicted to be one of the "top ten" technologies in (Janz et al., 2005 CNN, 2003) . The goal of RFID technology is to create an environment where every object can be automatically recognized, identified, tracked, and traced from the factory, through shipping and warehousing, and into the retail environment. RFID technology, which uniquely identifies every product and tracks its movements in a value chain, offers an unprecedented real-time view of assets and inventories throughout the global supply chain. This may result in radical changes to a number of industries, such as manufacturing, retail, transportation, health care, life sciences, pharmaceuticals, and government. Current RFID applications include airport baggage handling, electronic payment, retail theft prevention, library systems, automotive manufacturing, parking, postal services, and homeland security (Smith and Konsynski, 2003) .
McFarlane and Sheffi (2003) suggest that RFID helps to "play the current game better" through reduced costs and increased sales, and also "facilitates new games," such as manufacturing customization and visibility extension. Gap, a wardrobe How RFID works RFID technology, electronic product codes (EPC), and the EPCglobal Network were designed by the Auto-ID Center to replace to the barcode system. The Auto-ID Center partnership was founded in 1999 by five leading research universities and nearly 100 leading retailers, consumer products makers, and software companies (Kambil and Brooks 2002, Niemeyer et al., 2003) . Similar to the barcode, the EPC is a unique number that identifies a specific item in the supply chain and is divided into numbers that identify the manufacturer and product type. However, unlike the barcode, the EPC uses an extra set of digits for a serial number to identify unique items. Where barcodes only distinguish among products, the EPC codes are unique to each unit and can provide more detailed information. EPC has a version number which defines the variety of EPC among a number of possible structures and can be used to express a wide variety of existing numbering systems, such as Global Trade Identification Number (GTIN), Serial Shipping Container Code (SSCC), GLN (Global Location Number), and Global Returnable Asset Identifier (GRAI). EPC, stored in the RFID tag, is superior to the barcode because its user does not need to know where an object is and does not need to get close to scan it (Smith, 2005) . In a typical RFID system, RFID tags are attached to objects. The tags are powered and send out EPC information when detecting a signal from the tag reader. Once the EPC is retrieved from the tag, it can be associated with dynamic data such as its location of origin and the product movement along the supply chain. The data collected by the RFID reader will be sent to a middleware, Savant, which processes the data. The processed data will be sent to backend databases to be utilized by enterprise systems, like inventory management systems, production planning systems, and supply chain management systems (Bhuptani and Moradpour, 2005; Angles, 2005) .
To distribute EPC codes quickly and efficiently, the Auto-ID Center designed a network system -EPCglobal Network, using the Internet Protocol (IP). This network allows all parties in the supply chain to receive up-to-the-minute intelligence about product movement and product information. In this network, the manufacturer and trading partners create and store the serialized information about each and every product. The manufacturer manages and hosts the information about the generation of the product, while the trading partners manage and host information about the product's movement through the supply chain (Verisign, 2004) .
When any part of a supply chain requests product or product movement information, they send a request for particular EPC information to the Object Name Service (ONS). ONS provides a global lookup service to translate an EPC into one or more Internet Uniform Reference Locators (URLs). The URLs provide detailed information about production and movement of the product, which is stored with the manufacturer and/or trading partners (Asif and Mandviwalla, 2005) in a Product Mark Language (PML) format. PML is largely based on eXtensive Markup Language (XML) (Angles, 2005) .
Methodology
We used field interview for this study. The field interview was chosen because RFID adoption in China was largely in pilot study stage and the challenges and opportunities of RFID deployment were not clearly identified and formulated.
In this study, we interviewed 13 middle-level or senior managers in areas of retailing, logistics, and supply chain management, with open discussions regarding opportunities and challenges of RFID adoption in China. The interview questions were open-structured and largely based on literature review about RFID adoption in western countries, like USA and UK. The questions were also revised on an on-going basis once an interview was completed.
Based on the results of field interviews, we summarized and formulated opportunities and challenges of RFID adoption in China. Then the results were discussed in a panel discussion meeting with nine experts from academic, industry, and government. The details of opportunities and challenges of RFID adoption in China identified in the interviews and panel discussion are presented below.
RFID in China
Current status Although the development of Chinese RFID standards are still in progress, Gome opened the first RFID-based trial store in China on October 11, 2004 (ZDNet China, 
RFID in China 2004
). For 2005, some experts have predicted rapid growth of RFID in China, while others contend that the RFID market is still in its infancy and will have limited growth (China Economic Times, 2004) .
In a survey of 100 executives from major manufacturing and retailing companies from Asia-Pacific countries, Chinese executives (56 percent) predicted high returns on their RFID investments (Accenture, 2004) . Of these executives, 18 percent anticipated RFID implementation beginning in 2006, while 45 percent indicated that they would implement RFID in 2007 or later. They indicated that the greatest barriers to RFID implementation in China were the costs of overall implementation, the costs of tags, and the lack of standards.
China is a major player in RFID standards development because of its role as a world-class manufacturing center and the fact that it will create total supply chain visibility when the products are tagged at its origin. The Chinese government formed a national RFID standards committee to address the needs of both domestic and international markets in early 2004. The Ministry of Science and Technology also is conducting research on "China's RFID Strategic Development" (China eWeek, 2005a) .
Opportunities

RFID industry chain
The development of RFID and related technologies may advance the development of an industry chain in China for industries involved with standardization, chip design and manufacturing, antenna design and manufacturing, chip packaging, reader and writer, system integration and data management software, and application system development. It is widely believed that RFID will be a new engine of China's economic growth, since the deployment of RFID and related technology could propel the development in integrated-circuit chip design and manufacturing, machines and tools, software, and systems integration (China eWeek, 2004 ).
China's RFID market is still in its infancy, especially in chip design and manufacturing, machines and tools, and middleware. All RFID projects in China are relatively small and are still in a pilot test stage, especially when compared to developed countries, like the USA, where the RFID industry chain includes mature and large-scale projects from giant businesses, such as Wal-Mart and DHL. China's companies are probably more likely to have RFID breakthroughs in areas like chip packaging, reader/writer, and systems integration, since China lags behind business giants in chip design and manufacturing, middleware, and backend enterprise software. However, the Chinese government should use RFID to promote advances in chip design and manufacturing and enterprise software to build a stronger foundation for China's IT industries.
Huge market size China's economy continues to boom, with an annual GDP growth rate of almost 10 percent in the past decade (National Bureau of Statistics of the People's Republic of China, 2003) . The Economist (2001) forecasted that China would become the second largest economy in the world in 20 years. As of 2003, more than 80 percent of Fortune 500 companies had already invested in China to share in its immense market potential (Bolton and Wei, 2003) .
The Chinese government represents a large market for RFID technology. China's government is planning to issue RFID-based personal identification cards, which means 1.3 billion RFID identification cards will be issued. The government is also promoting the issue of other RFID-based cards, like debit cards, driver licenses, and credit cards (Song, 2005) . In the healthcare industry, the Chinese government is planning to employ RFID to track blood bags to prevent and monitor cases of acquired immune deficiency syndrome (AIDS) and hepatitis. Approximately 47 million bags of blood are needed each year (Zhao, 2004) .
Another area of huge potential for RFID technology deployment in China is printing, especially invoice printing. RFID technology could help confront the prevalence of invoice fraud in China. To prevent fraud, an RFID chip can be implanted into invoices, bank checks, currency notes, and other important documents to avoid fraud. China's Tax Bureau is studying the feasibility of RFID-based invoices. It will be a huge market if the Chinese government mandates RFID-based invoices (HC360, 2003) .
Rapid logistics growth
The rapid growth of China's logistics industries in recent years has created numerous opportunities for RFID applications. RFID technology allows logistics companies to better manage operating expenses and provide higher levels of service to their customers, while operating more safely and securely. RFID technology also provides logistics companies with better quality control, financial management, and profitability (Boushka et al., 2002) .
In 2003, logistics contributed US$11 billion of added-value, or 6.8 percent to China's GDP. Logistics costs account for about 20-30 percent of China's GDP, but only 10 percent of GDP in developed countries (China eWeek, 2005a) . Therefore, there is great potential in China to adopt RFID to reduce logistics costs. The logistics industry in China has reported annual revenue growth rates of 31 percent for 1999, 35 percent for 2000, 55 percent for 2001, and more than 50 percent (predicted) for 2002 through 2004 (Bolton and Wei, 2003) . In the past three years, 70 percent of China's logistics service providers experienced a 30 percent annual increase in business (Research and Markets, 2004) .
Since China is becoming a WTO member, many foreign logistics providers have entered China. Two-thirds of the world top ten retailers have settled in China and established their purchase centers. Many multinational giants, such as Intel, Nokia, and NEC, also are investing heavily to establish their distribution centers/channels in China. Siemens (China) has established more than 40 operating companies and Procter & Gamble established PG Logistics for its distribution and logistics business in southern China (Jiang and Prater, 2002 ).
World-class manufacturing
As a world-class manufacturing center, China is manufacturing goods for delivery all over the globe. For example, more than 70 percent of goods in Wal-Mart stores are made in China. Companies around the world looking to gain total supply chain visibility by tagging the products when they are manufactured in China (Bhuptani and Moradpour, 2005) .
Chinese manufacturers have no immediate mandates for RFID implementation from Wal-Mart or other world-class retailers, since most Chinese manufacturers are relatively small and are not their top suppliers. However, there is an increased pressure from more retailers, distributors, and suppliers to require RFID-compatible technology platforms. When a majority of businesses require their partners to have RFID-compatible technology platforms, RFID will become a business necessity, just like today's Internet. Therefore, Chinese manufacturing industries have a profound influence on the RFID application market. Correspondingly, an increasing number of Chinese leading companies, like Haire, have sensed the importance of RFID and are preparing for the adoption of RFID.
Anti-counterfeiting
In the survey of Asian-Pacific executives, over 80 percent of the Chinese executives emphasized the RFID benefits of a safe and secure supply chain (Accenture, 2004) . This is associated with the concern over the wide-spread product counterfeiting (Wang, 2002) that plagues Chinese manufacturers, and results in lost sales, increased shrinkage, and damaged reputations. RFID tags attached with every product make it feasible to track and trace the product through the supply chain from the manufacturer to the end customer. This allows both customers and retailers to determine if the product is a fake, providing a solution for Chinese companies in their fight against counterfeiting.
Challenges Standards UID (Unique ID) and EPC (Electronic Product Code) are the two RFID standard systems in development or use at the present time. UID was developed in Japan and is supported by 352 Japanese companies, like Sony, Toyota and Mitsubishi. EPC, proposed in the USA by EPCglobal, has technological support from IBM and Microsoft, and has been adopted by US and European businesses like Wal-Mart and Tesco. However, it is still not clear if the International Standards Organization (ISO) will accept EPC as an international standard (China Trade News, 2005) .
Chinese companies have experienced standards patent problems, like DVD. They have to pay unreasonably high prices (more than one fourth of total cost) for standard patents for every unit of their DVD players, because they have no intellectual property rights for those DVD standards. The prohibitively high cost of standard patents caused 99 percent of DVD companies to abandon their export market in 2004 (Beijing News, 2004) . As a result, the Chinese government and industries have realized that they must establish standards to maximize their interests. This would help Chinese companies to clear their biggest hurdle, intellectual property rights, during the course of their global business expansion. The Chinese government has initiated their efforts and drafted several Chinese standards, like EVD as an alternative to DVD, WAPI for wireless network encryption, and Third-Generation (3G) standards for cell phone systems (China Entrepreneur, 2004) .
The Chinese government has chosen not to use either EPC or UID, but to develop their own RFID standards (China eWeek, 2005b) . To access China's huge market, both UID and EPC have set up offices in China to prompt their standards. EPC and UID are supported by different business giants and have different interest groups. Although it seems that EPC is ahead of UID in China, the fight between EPC and UID is only beginning. It is hard for the Chinese government to decide which standard, UID or EPC, should be followed as a framework for its RFID standards, especially since neither EPC nor UID is accepted as international RFID standards. It is critical that Chinese RFID standards are compatible with international standards and also have their own intellectual property rights (RFID China, 2005a) .
Although the Chinese government has begun to draft RFID standards, there remains two bureaucratic challenges. First, radio frequency assignment for RFID is not finalized. The RFID standards are being drafted by the Standardization Administration of China (SAC), which is authorized by the State Council to exercise central administration for standardization in China. However, the radio frequency assignment is controlled by the Radio Management Bureau (RMB), a division of the Ministry of Information Industry (MII). Although the electromagnetic frequency test for 900MHZ is still in progress, the draft of ISO18000-6, which defines physical layer of ultra-frequency RFID at 900MHZ, has been completed. Second, the accountability for drafting RFID standards is not clear. In early 2004, the SAC set up the Working Group of Electronic Labeling (WGEL) to develop the Chinese RFID standards. However, the WGEL was suspended because of overlapping functions with the Article Numbering Center of China (ANCC), the state authority for product coding.
Cost
Since RFID tags must be attached to every product, it is costly to deploy RFID if the RFID tags are expensive. The current cost of an RIFD tag in China is about US$0.25 to US$0.30 (RMB¥2.0), compared to the barcode cost of about US$0.0024 (RMB¥0.02) (China High-Tech Industry Herald, 2004) . Although the cost of tags should decline over the next few years, the costs will likely remain prohibitive for many routine RFID applications. Currently, the global demand of RFID tags is about 10 million. The cost may decrease to US$0.02, but only when demand surges to 5 billion. It may require a long time for this large increase in global demand for RFID tags. Therefore, the cost of RFID tags may continue to present a major hurdle for China's RFID deployment.
Another cost of RFID adoption for Chinese companies is the major investment in large scale IT infrastructure. The deployment and development of an RFID infrastructure from scratch will likely add significantly to the cost of implementing RFID technology (Smith and Konsynski, 2003) . Other costs for RFID adoption also may be significant, including the purchase of initial hardware/software, integrating RF-enabled technology into distribution and warehousing activities and existing management systems, and additional maintenance costs for application upgrades, readers and software, and employee training (Smith, 2005) .
Business Environment
Although the full potential of RFID lies in its implementation across the product value chain, most Chinese participants (91 percent) in the Accenture (2004) study selected the "within individual organizations" category as the primary benefit of RFID, unlike the "across multiple ones" category selected by executives from other Asian countries. This may indicate how difficult it is to make the physical supply chain work in China (Accenture, 2004) . It also may indicate that Chinese companies are waiting for clarity in governmental standards. Although the Chinese government's final decision on RFID standards may drive widespread adoption across multiple organizations, most Chinese companies appear more focused on first building RFID capability within their own organizations.
The first priority of most Chinese companies is to survive in the competitive business environment. They generally have a one to two year future vision of future technologies. To fully harness RFID benefits for their supply chain, companies must have strong service capabilities, be very familiar with core business processes, and be able to help customers to integrate RFID into their core operations. Unfortunately, many Chinese companies are weak in these areas (HC360, 2004) .
Business Models
One of the major hurdles for RFID applications in China is the lack of a cooperation-based business model. RFID benefits for supply chains are derived mainly from information sharing among supply chain members. Unfortunately, Chinese companies generally refuse to share information with their supply chain members. Instead of building trust and alliances among members in their supply chain, Chinese companies often prefer to compete individually. To embrace RFID and fully harness its benefits, Chinese companies may have to update their business models.
Another major hurdle of RFID implementation in China is management skills. RFID is both a technological and managerial concept. The primary benefits of RFID are from internal integration and external information sharing. Chinese companies are weak in both internal integration and external integration. Internally, a firm's departments are isolated, and externally, companies compete individually. RFID may not benefit companies that are not innovative enough to meet RFID concepts.
To effectively use the data collected by RFID, RFID systems must be connected with backend systems, like enterprise resource planning (ERP), customer relationship (CRM), and decision support systems (DSS). However, the adoption rates of ERP, CRM, and DSS systems remain low in China (Xu et al., 2005) . Therefore, RFID and related systems may stand alone in Chinese companies, and not be integrated with inventory management, production planning, and logistics. Hence, it seems that RFID may merely increase operating costs in most Chinese companies, especially in the early stages of implementation.
Untested market It appears difficult to form a large scale RFID deployment, based on China's domestic needs. Market demands in the USA and Europe are from retailers, like Wal-Mart and Tesco. However, Chinese retailers are not demanding RFID adoption. Rather, Chinese RFID standards are still in progress and full of uncertainty. Even if the standards are drafted, it is hard for some industries to tailor their business processes to meet RFID requirements in a short time period. Rather, Chinese companies must take a more long-term approach to develop an RFID infrastructure, improve management skills, and change their business model.
External pressure may not be strong enough to push China's RFID progress that much. It is widely believed that the mandate from Wal-Mart for its top 100 suppliers to apply RFID on cases and pallets by 2005 may facilitate RFID adoption in China, since 70 percent of Wal-Mart supplies come from China. However, Chinese companies generally are smaller and do not make up Wal-Mart's top 100 suppliers. Therefore, it seems Wal-Mart's mandate may not reach Chinese manufacturers, at least in the short term. Although Wal-Mart's mandates may have no immediate effect on Chinese companies, it should influence RFID adoption in China in the long-term.
Others
The security issue is another concern for RFID adoption in China. Chinese companies generally are weak at information system security. Around 30 percent of internet users reported that their decision to not participate in on-line shopping was due to their concerns of transaction security (CNNIC, 2005) , which may be the result of the vulnerable information systems of Chinese companies. RFID adoption may further aggravate this problem, since RFID itself may generate additional security problems (Shih et al. 2005) The political and social issues may also slow RFID adoption in China. The reduced human labor requirements resulting from the implementation of RFID applications in warehousing, receiving, shipping may increase China's unemployment. This may slow down or even prohibit RFID adoption, especially in state-owned companies. Since it is perceived that state-owned companies have had too many layoffs, further layoffs may cause social instability. The government may exercise a variety of pressures to stop more layoffs, regardless of how well RFID may benefit the prosperity of Chinese companies.
An example of RFID adoption in China
To date, the most successful application of RFID in China is in the rail industry. The two areas selected for RFID adoption were in railway train scheduling and long-distance identification systems. The Ministry of Railway (MOR), with its own intelligence property rights, began developing this RFID technology in the mid-1990s as a solution of the Automatic Train Information System (ATIS). The RFID technology was finally deployed in 2004.
Over 0.6 million railway wagons and locomotives are now equipped with RFID tags. Automatic Equipment Identification (AEI) devices, an RFID reader product from Transcore, are installed at all strategic points, such as railway junction points, yards, segment stations, super cargo stations, and boundary stations. When the train passes these strategic points, AEI collects the train's information, such as locomotive, wagon, and containers, which is stored in an RFID tag. This information is then relayed to the Central Processing System (CPS). The CPS works as a middleware, like Savant, to process the information collected by AEI and also manage AEI devices. The processing in CPS includes filtering, aggregating, storing, forwarding, etc. The processed information is then sent to the Train Management Information System (TMIS), a back-end system. The TMIS hosts accurate and real-time records, tracks and traces the status of all locomotives, wagons, and containers. It also controls the train traffic flow, and reschedules the locomotives and wagons if needed (Shen and Shi, 2005) .
The system can track the location of railway wagons and locomotives in real time. Formerly, the tracking of railway wagon and cargo, along with locomotive scheduling, was based on manual identifying and counting of trains. This was time-consuming and error-prone. After the adoption of RFID, identification and counting were automated to real-time, and the train and cargo can be dynamically tracked even when they are on the move. So the visibility of transportation is significantly improved. The estimated annual cost savings resulting from RFID adoption is estimated to be US$ 38 million (RFID China, 2005b) .
This system is the first nation-wide RFID-based network in China. Unfortunately, since this system is not based on open architecture, it cannot connect to other systems. If the system was designed with open architecture, it could provide the benefits of information and standardization for China's whole logistics industry (RFID China, 2005b) .
Conclusion
RFID is part of a new generation of information technology known as "Contactless communication" and the foundation of the "Silent business" and "Internet of things". RFID may improve supply chain visibility, reduce costs and improve efficiency, but it may also cause security and privacy problems. Despite China's RFID adoption challenges and corresponding low adoption rates, Sheffi (2004) argued that RFID will follow the adoption path of other disruptive technologies, such as television, automobile, and refrigeration toward wide adoption.
In this study, we used field interview and panel discussion to identify the opportunities and challenges of RFID in China. There are several challenges presented for RFID adoption, such as standardization, business environment, business models, and costs. However, there also are a vast number of opportunities, due to China's world-class manufacturing position, the rapid growth of logistics, and its rapid economic growth.
Although companies with early implementation of RFID may find that their initial costs will be greater over the short-term, they can achieve significant long-term advantages. Those risk-averse companies that choose not to adopt RFID technology may risk the loss of market share to those companies that adopt RFID (Smith, 2005) . Therefore, we suggest that Chinese companies positively face the challenges of RFID and actively adjust their business models to adopt RFID. RFID adoption is not only inevitable, but it can allow a company to reduce its costs and gain a competitive advantage over the long-term.
